Brain-derived neurotrophic factor (BDNF) modulates synaptic strength in hippocampal neurons, in addition to promoting survival and differentiation. To identify genes involved in trophic regulation of synaptic plasticity, we have used a multidisciplinary approach of differential display and family-specific slot blots in combination with whole-cell patch-clamp recordings of dissociated hippocampal neurons. Three hour exposure to BDNF elicited a 2.6-fold increase in synaptic charge and a concomitant induction of 11 genes as revealed by differential display, including the small GTP-binding vesicular trafficking protein Rab3A and the enzyme guanylate cyclase (GC). Slot blot analysis on a population of neurons confirmed an average of 3.1-fold induction of these clones. In contrast, individual pyramidal-like neurons that were first characterized electrophysiologically in the presence of BDNF and subjected to transcriptional analysis displayed more robust increases (4.8-fold), emphasizing the neuronal heterogeneity. Transcriptional changes of Rab3A and GC were accompanied by translational regulation, shown by Western blot analysis. Furthermore, a number of GC-associated and Rab3A effector molecules were induced by BDNF at either the gene or protein levels. The functional role of Rab3A in BDNF-induced synaptic plasticity was assessed using cells derived from Rab3A knock-out mice. These neurons failed to show an increase in synaptic charge in response to BDNF at 10 min; however a late response to BDNF was detected at 20 min. This late response was similar in time course to that induced by postsynaptic activation of glutamate receptors. Our results demonstrate a requirement for Rab3A and may reveal a temporal distinction between presynaptic and postsynaptic mechanisms of BDNF-induced synaptic plasticity associated with learning and memory.
Brain-derived neurotrophic factor (BDNF) modulates synaptic strength in hippocampal neurons, in addition to promoting survival and differentiation. To identify genes involved in trophic regulation of synaptic plasticity, we have used a multidisciplinary approach of differential display and family-specific slot blots in combination with whole-cell patch-clamp recordings of dissociated hippocampal neurons. Three hour exposure to BDNF elicited a 2.6-fold increase in synaptic charge and a concomitant induction of 11 genes as revealed by differential display, including the small GTP-binding vesicular trafficking protein Rab3A and the enzyme guanylate cyclase (GC). Slot blot analysis on a population of neurons confirmed an average of 3.1-fold induction of these clones. In contrast, individual pyramidal-like neurons that were first characterized electrophysiologically in the presence of BDNF and subjected to transcriptional analysis displayed more robust increases (4.8-fold), emphasizing the neuronal heterogeneity. Transcriptional changes of Rab3A and GC were accompanied by translational regulation, shown by Western blot analysis. Furthermore, a number of GC-associated and Rab3A effector molecules were induced by BDNF at either the gene or protein levels. The functional role of Rab3A in BDNF-induced synaptic plasticity was assessed using cells derived from Rab3A knock-out mice. These neurons failed to show an increase in synaptic charge in response to BDNF at 10 min; however a late response to BDNF was detected at 20 min. This late response was similar in time course to that induced by postsynaptic activation of glutamate receptors. Our results demonstrate a requirement for Rab3A and may reveal a temporal distinction between presynaptic and postsynaptic mechanisms of BDNF-induced synaptic plasticity associated with learning and memory.
Key words: Rab3A; BDNF; synaptic plasticity; transcriptional analysis; hippocampus; culture Evidence now indicates that neurotrophins exert a temporal continuum of synaptic actions, from acute regulation of transmission to longer-term effects on synapse development (Takei and Nawa, 1998; Lu and Chow, 1999; McAllister et al., 1999; Schuman, 1999) . In the hippocampus, which is associated with learning and memory, brain-derived neurotrophic factor (BDNF) enhances long-term potentiation (LTP) (Korte et al., 1995; Figurov et al., 1996; Patterson et al., 1996) and subsequently increases synapse number (Takei and Nawa, 1998; Vicario-Abejon et al., 1998) . We have found that BDNF rapidly increases synaptic responses in dissociated hippocampal neurons (Levine et al., 1995) . However, underlying molecular mechanisms remain to be elucidated. There is evidence that both presynaptic and postsynaptic processes participate (Kim et al., 1994; Levine et al., 1995 Levine et al., , 1998 Figurov et al., 1996; Gottschalk et al., 1998; Li et al., 1998; Crozier et al., 1999; Schinder et al., 2000) . In the postsynaptic neuron, for example, BDNF increases synaptic strength, at least in part, via post-translational modification of NMDA receptor subunits (Levine et al., 1995 Suen et al., 1997; Crozier et al., 1999) . Neurotrophin-induced synaptic plasticity results from such postsynaptic modifications, in conjunction with complex presynaptic mechanisms (Figurov et al., 1996; Gottschalk et al., 1998; Li et al., 1998; Schinder et al., 2000; Xu et al., 2000) , the molecular basis of which is as yet unknown.
Binding of BDNF to the trkB receptor activates second messenger signaling cascades, resulting in both cytoplasmic and nuclear changes (Finkbeiner et al., 1997; Gottschalk et al., 1999) . Acute post-translational modulation may constitute an early stage, followed by more stable changes involving altered gene expression and protein synthesis (Kang and Schuman, 1996; Finkbeiner et al., 1997; Bradley and Sporns, 1999) . Indeed, prolonged treatment with neurotrophins promotes the development and maturation of synaptic sites (Wang et al., 1995; Takei and Nawa, 1998; Vicario-Abejon et al., 1998) , probably involving regulation of vesicle proteins (Wang et al., 1995; Pozzo-Miller et al., 1999) . Moreover, mice with a targeted deletion of the BDNF gene exhibit impaired synaptic plasticity and depressed levels of several vesicle proteins. Exogenous BDNF restores both physiological responses and protein levels (Korte et al., 1995; Patterson et al., 1996; Pozzo-Miller et al., 1999) . Thus, to date, studies of BDNF-induced gene expression have focused on candidate molecules; however the full spectrum of BDNFregulated genes and their roles in synaptic plasticity have yet to be elucidated.
Here, we have combined whole-cell patch-clamp recordings in conjunction with differential display (DD) and single-cell transcriptional analysis to identify altered expression of known and novel genes in BDNF-induced plasticity. We are examining the hypothesis that differential gene regulation reflects the role(s) of the gene products in trophic regulation of synaptic plasticity. The potential functions of some of the identified genes have been defined using knock-out mice and pharmacological antagonists. We present the first demonstration of the requirement of a specific molecule, the vesicular trafficking protein Rab3A, in BDNF-induced synaptic plasticity. We have also further delineated temporal distinctions in early and late BDNF-induced synaptic plasticity. Using this multidisciplinary approach, we are beginning to define the previously uncharacterized molecular pathways in neurotrophin-induced plasticity.
MATERIALS AND METHODS
Cell culture preparation. Time-mated pregnant rats and mice were killed by C O 2 asphy xiation in accordance with institutional guidelines for the care and use of animals. Fetuses were removed by cesarean section and transferred to a sterile Petri dish with PBS. Fetal hippocampi were dissected from surrounding brain tissue, and meninges were completely removed. L ow-density cultures of dissociated embryonic day 18 (E18) rat hippocampi (Sprague Dawley from Hilltop Laboratories, Scottdale, PA) were prepared as described previously (Levine et al., 1995) . For some experiments, cultures were obtained from E17 wild-type or Rab3A homozygous knock-out mice (The Jackson Laboratory, Bar Harbor, M E). Briefly, pooled tissue from each litter was mechanically dissociated in 7.5% nutrient medium and plated on poly-D-lysine-coated culture dishes at 200,000 -350,000 cells/dish. Cultures were maintained in serum-free medium (Levine et al., 1995) for 10 -13 d and contained virtually pure neurons.
Electrophysiolog ical recordings. Whole-cell recordings were performed after 10 -13 d in culture. Currents were recorded with an Axoclamp 200 amplifier, digitized at 2.5 kHz with an I N DEC I DA 15125 interface (I N DEC, C apitola, CA), filtered at 5 kHz, and stored. Recording parameters and stimulus protocols were controlled by custom software written with Borland C 2ϩ that uses device driver libraries supplied by I N DEC. Data analysis programs were written with Microsoft Visual Basic. The external bath solution for current-and voltage-clamp recordings was (in mM): 1.67 C aC l 2 , 1 MgC l 2 , 5.36 KC l, 137 NaC l, 17 glucose, 10 H EPES, and 20 sucrose. The pipette solution contained (in mM): 105 C s-methanesulfonate, 17.5 C sC l, 10 H EPES, 0.2 EGTA, 8 NaC l, 2 Mg-ATP, 2 Na-ATP, 0.3 Na-GTP, and 20 phosphocreatinine, along with 50 U/ml creatinine phosphokinase. All recordings were made at room temperature. The typical range of pipette resistance was 3-5 M⍀. Cell capacitance was 10 -20 pF, and access resistance was 7-20 M⍀. Each data point represents a cell from a separate dish, and at least three different platings were used for each condition.
Data anal ysis. Data were analyzed by integrating the synaptic currents for each sweep with conversion to synaptic charge. E xperiments for population studies were kept for analysis if they showed less than Ϯ10% change during a 10 min recording period. For Rab3A and guanylate cyclase (GC) experiments, the charge measurements for all sweeps in a 1 min period were averaged (binned). Baseline is considered the average synaptic charge during the 2 min period immediately before BDN F application. Percentage increases were determined by dividing the synaptic charge during BDN F exposure (20 ng /ml; Peprotech, Princeton, NJ) by the baseline. Wild-type mouse or vehicle-treated (DMSO) rat cell recordings were accepted if any 1 min bin during the BDN F treatment was twice the SEM above baseline, therefore indicating a response to BDN F. Rab3A mutant and LY83583-treated (Biomol, Plymouth Meeting, PA; 1 M in DMSO) cells were rejected if either the 0 -5 min binned time period or the 5-10 min binned time period during BDN F exposure was twice the SEM below baseline, indicating "run down." One of 11 wild-type cells failed these criteria, and 3 out of 15 Rab3A cells failed. Student's t test was used for statistical comparisons (two-tailed with p Ͻ 0.05 indicating significance).
R NA isolation. Total cellular RNA was prepared from virtually pure neuronal cultures treated with either BDN F or NGF (50 ng /ml) or vehicle (water) for 3 hr by the guanidine isothiocyanate method (Thakker-Varia et al., 1998) .
mR NA differential display. Display was performed essentially as described previously (Thakker-Varia et al., 1998) using the RNA image kit as per instructions (Gene Hunter, Boston, M A). Radiolabeled PCR products were analyzed by denaturing 6% PAGE. Gels were dried on Whatman paper and exposed to x-ray film.
Band recover y, cloning, and DNA sequencing. DNA from putative differentially expressed bands found in duplicate samples was reamplified by PCR using the appropriate primer combination for 40 cycles (Thakker-Varia et al., 1998) . cDNA fragments were cloned into pCR II using the TA cloning kit (Invitrogen, C arlsbad, CA). Five separate clones from each fragment were sequenced on an Applied Biosystems 373A automatic sequencer. Comparisons of unknown nucleotide sequences with known sequences in the GenBank and European Molecular Biology Laboratory (EMBL) databases were performed using the BL AST program.
cDNA synthesis, amplified R NA amplification, and e xpression profiles f rom single isolated cells. During whole-cell patch-clamp recording, the electrode contained avian myeloblastoma virus (AM V) reverse transcriptase and oligo-dT 24 -T7 primer (Eberwine et al., 1995) . C ellular contents were aspirated into the patch pipette with a small amount of suction after a 10 min recording. cDNA synthesis was completed in vitro at 37°C for 60 min. The cDNA was resuspended in 20 l of H 2 O, heated at 95°C for 3 min, and converted into double-stranded template as described previously (Eberwine et al., 1995) . T wenty percent of the cDNA template was used to synthesize amplified RNA (aRNA) in 40 mM Tris, pH 7.4, 10 mM NaC l, 10 mM MgC l 2 , 0.01 mM dithiothreitol, 500 M ATP, GTP, C TP, and UTP, 20 U of RNAsin, and 100 U of T7 RNA polymerase at 37°C for 3-4 hr. aRNA was synthesized into doublestranded cDNA and used as a template for a second round of amplification as described previously (Eberwine et al., 1995) . Ten nanograms of random hexamers with AM V reverse transcriptase were used to prime the first-strand cDNA synthesis. The second-strand cDNA was synthesized using 100 ng of the oligo-dT 24 -T7 amplification oligonucleotide as a primer with the K lenow fragment and T4 DNA polymerase. The ends of the double-stranded cDNA were made blunt with T4 DNA polymerase. The final aRNA synthesis was with the inclusion of 25 pmol of [␣- 32 P]C TP (3000 C i /mmol). The radiolabeled probe thus generated was then used to hybridize to cDNA slot blots or microarrays as described below.
Slot blots. A slot blot screening method was used to confirm the differential expression. Plasmid DNA from putative differential cDNA fragments cloned in pCR II vector (62.5 ng) was blotted onto nylon membranes using the Minifold II slot blot apparatus. Alternatively, commercially available gene-specific slot blots (Geno Tech., St. L ouis, MO) were used. The membrane was differentially screened using 32 Plabeled cDNA probes generated from total RNA of neurotrophin-treated or control neuronal cultures. The membranes were hybridized using PerfectHyb (Sigma, St. L ouis, MO) at 68°C with denatured probe (1-5 ϫ 10 6 cpm /ml) for 3 hr and washed to a high stringency. The washed membranes were exposed to Kodak Biomax-MR film with intensif ying screens at Ϫ70°C for up to 5 d. Quantitation of band intensity was performed using Molecular Analyst (Molecular Dynamics, Sunny vale, CA) software. Measured intensities were corrected using actin as the internal standard, and tRNA was used as a negative control.
SDS-PAGE and Western blot anal ysis. BDN F-treated and untreated hippocampal neurons were solubilized in lysis buffer (20 mM Tris, pH 8, 0.5% Triton X-100, and 0.5% SDS) containing proteinase inhibitors (Suen et al., 1997) . Protein content was determined with the BCA protein assay kit (Pierce, Rockford, IL). Samples containing equal amounts of protein were denatured in Laemmli's sample buffer for 5 min and subjected to 4 -12% or 8 -16% gradient SDS-PAGE (Suen et al., 1997) . The proteins were transferred to poly vinylidene difluoride (PV DF) membranes (Millipore, Bedford, M A) and blocked in milk powder plus normal serum. The PV DF membranes were incubated with antisera against Rab3A (United States Biochemicals, C leveland, OH; 1:1000), GTPase-activating protein (Rab GAP; Biomol; 1:250), GDP-GTP exchange protein (Rab GEP; Y. Takai, Osaka, Japan; 1:250), GDP dissociation inhibitor (Rab GDI; A. Shisheva, Wayne, OH; 1:20,000), Rabphilin (Transduction Laboratories, San Diego, CA; 1:5000), Rab3-interacting molecule (RIM) (Transduction Laboratories; 1:1000), GC (C albiochem, La Jolla, CA; 1:2000), and actin (Boehringer Mannheim, Indianapolis, I N; 1:1000) overnight at 4°C. Membranes were washed, followed by incubation with anti-rabbit or anti-mouse HRP-conjugated IgG (1:5000). The immunopositive bands were visualized by chemiluminescence using the ECL detection kit (N EN, Boston, M A). Quantification of intensity of the bands is performed using Molecular Analyst software and normalized to actin levels.
Immunoc ytochemistr y. Cultures were fixed in 4% paraformaldehyde. A blocking step was performed in 30% normal goat serum in PBS containing 0.1% Triton X-100. Primary antibody was applied overnight at 4°C. Antibodies used were as follows: Rab3A (Biosource, C amarillo, CA; 1:500), Rab GAP (Biomol; 1:250), and Rab GDI (A. Shisheva; 1:20, 000) . No reliable antibody to GC was found for immunocytochemistry. Cultures were incubated in goat anti-rabbit biotinylated secondary antibody (Vector Laboratories, Burlingame, CA; 1:100), and staining was visualized using an ABC Vectastain detection kit (Vector Laboratories).
RESULTS

BDNF regulates gene expression at 3 hr
To elucidate molecular mechanisms underlying BDNF-induced synaptic plasticity, we used embryonic rat hippocampal neurons maintained in fully defined, serum-free medium (Levine et al., 1995) . To allow sufficient time for gene induction, we chose a 3 hr BDNF exposure and then recorded synaptic responses under whole-cell voltage-clamp conditions of treated cells compared with control, untreated cells. Cells treated with BDNF (50 ng/ml) for 3 hr exhibited a 2.6-fold increase in synaptic charge (n ϭ 8; t test, p Ͻ 0.05) (Fig. 1 A,B,D) , although there was characteristic variability among individual neurons (Fig. 1C) . These data indicate that a 3 hr treatment is comparable with acute treatment (10 min) with BDNF in terms of synaptic response (Levine et al., 1995; Sherwood and Lo, 1999) . The longer-term BDNF treatment, however, permits for transcription of immediate early genes as well as downstream genes that potentially play roles in synaptic plasticity.
Differentially expressed genes potentially involved in BDNF regulation of synaptic activity were identified by comparing patterns of mRNA expression in control cultures with those treated with BDNF or NGF for 3 hr. , 2) , NGF-treated (3 hr; 50 ng/ml; lanes 3, 4 ), and BDNF-treated (3 hr; 50 ng/ml; lanes 5, 6 ) sister cultures was subjected to differential mRNA analysis. A representative autoradiogram of amplified PCR products is shown for one set of primer pairs that identified distinct fragments (4) with differential expression in duplicate neurotrophin-treated groups.
mRNA by use of a combination of anchored and arbitrary primers. Amplified cDNAs in each experimental group are similar, indicating that the general gene expression profile remains unaltered. However, selective differences (4) among duplicates indicate induced expression of specific cDNAs after neurotrophin treatment (Fig. 2) . Some genes appear to be induced by both NGF and BDNF, suggesting a general responsiveness to neurotrophins. We focused on genes regulated exclusively by BDNF, because NGF has not been implicated in synaptic plasticity (Levine et al., 1995 (Levine et al., , 1996 .
The identity of the differentially expressed genes induced exclusively by BDNF was derived from multiple gels and was determined by recovering cDNA products and reamplifying using corresponding primer sets. Partial sequence analysis and homology searches revealed that 4 of the 11 induced sequences corresponded to known genes with known functions, including ypt1/ Rab3A, rat GC, ATP synthase, and an estrogen-induced gene (Table  1) . Six cDNAs corresponded to known expressed sequence tags (ESTs), and one of the cDNAs corresponded to a novel gene not cloned previously and of unknown function. The known functions of Rab3A and GC implicate them in synaptic transmission. Rab3A is a small GTP-binding protein involved in regulated exocytosis of neurotransmitters from synaptic vesicles (Bean and Scheller, 1997; Geppert and Sudhof, 1998) . In addition, several lines of evidence suggest that the GC pathway is involved in synaptic plasticity (Zhuo et al., 1994; Arancio et al., 1995; Son et al., 1998) . Moreover, in a separate study using DNA microarrays, Rab3A levels were increased by BDNF treatment (Thakker-Varia et al., 2000) . Taken together, these findings validate the differential screening approach by isolation of at least two genes (Rab3A and GC) potentially relevant to BDNF-induced synaptic plasticity (Thakker-Varia et al., 1998) .
Population and single-cell analysis
To confirm the effect of BDNF on putative clones, slot blot analysis was performed using RNA from a population of neurons. The putative cDNA clones identified by DD were immobilized on membranes and hybridized to probes generated from independent sets of treated or untreated whole cultures (Fig. 3A) . BDNF induced 9 of the 11 clones (average of 3.1-fold) including GC and Rab3A.
To examine gene expression in pyramidal-like individual cells that were characterized electrophysiologically, we performed transcriptional analysis at the single-cell level (Fig. 3B) . The cell contents from four individual pyramidal-like, BDNF-treated (3 hr) or untreated neurons were harvested and pooled after each recording, and mRNA was amplified. Radioactively labeled amplified RNA obtained from the individual cells was used directly as a probe to hybridize to the slot blot (Fig. 3B) . All 11 clones were induced by BDNF. BDNF elicited an average 4.8-fold induction among the 11 genes within the blot, normalized to actin. Therefore, the effect of BDNF was more robust in single cells that were identified as pyramidal-like neurons, compared DNA from putative differentially expressed bands found in duplicate samples was reamplified by PCR using the appropriate primer combination. cDNA fragments were subcloned, and five separate clones from each fragment were sequenced.
Comparisons of unknown nucleotide sequences to known sequences in the GenBank and EMBL data bases were performed using the BLAST program. The cDNAs ranged from 251 to 801 bp, and all of them were upregulated by BDNF. Figure 3 . BDNF induces more robust gene expression in electrophysiologically characterized individual pyramidal-like cells than in a population of hippocampal neurons. A, Slot blot on a whole population of hippocampal cells. cDNA from independent cultures treated with BDNF was synthesized and hybridized to the clones (62.5 ng) identified by differential display. Enhanced expression in the BDNF-treated samples was observed in 9 of the 11 clones. An average of 3.1-fold induction among the genes within the blot was observed. B, Example recordings from one control and one BDNF-treated cell and slot blot analysis on single pyramidal-like neurons characterized electrophysiologically. Whole-cell patch-clamp recordings from individual pyramidal-like cells in the absence (control) or presence of BDNF (3 hr; 20 ng/ml) were performed for 10 min, and cellular contents were aspirated into the patch pipette. Material from four control and four BDNF-treated cells was pooled. aRNA was synthesized and hybridized to the clones (62.5 ng). Enhanced expression in the BDNFtreated samples was observed in all 11 clones. tRNA served as a negative control. An average of 4.8-fold induction among the genes within the blot was observed when normalized to actin.
with that of the whole cell population. Consequently, observations in a population of hippocampal neurons can be extrapolated to individual cells that exhibit responsiveness to BDNF. GC has been implicated in synaptic transmission (Zhuo et al., 1994; Arancio et al., 1995; Son et al., 1998) and was among the 11 BDNF-induced sequences, rendering it appropriate to pursue genes in the GC pathway. Therefore to facilitate the discovery of additional BDNF-induced genes involved in the GC pathway, we used G-protein-specific slot blot. Radioactively labeled cDNAs prepared from control or BDNF-treated hippocampal cultures were hybridized to the blot; several genes were differentially expressed (Fig. 4) . Two genes related to the GC pathway increased dramatically; these are protein kinase G II (PKG II ) and G␣olf, which transduces olfactory signals including GC and is expressed in the hippocampus (Zhuang et al., 2000) . Two other genes involved in the GC pathway, PKGIA and PKGIB, were not expressed in either sample. In addition, two genes that are upregulated by BDNF are related to the adenylate cyclase pathway; these are the regulatory subunit of protein kinase A (PK A R2) and the anchor protein for PKA R2 (AK AP 84 ). MX A p78, an interferon-induced protein with GTPase activity, was also induced, whereas the ␤ subunit of the G-protein complex (G␤) was downregulated. Control housekeeping genes were not altered. These findings validate the initial screen using DD, in which GC was upregulated, and also implicate the adenylate cyclase pathway in BDNF-induced synaptic enhancement.
BDNF and protein expression
To determine whether altered gene transcription is accompanied by protein translation in this system, Western blot analysis was performed. Our initial observations of Rab3A and GC expression after a 3 hr BDNF treatment showed no obvious change in protein levels (data not shown). To allow additional time for protein translation, we used a 6 hr BDNF exposure. Under these conditions, Rab3A protein levels increased 2.0 Ϯ 0.5-fold (n ϭ 4), and GC increased 1.4 Ϯ 0.1-fold (n ϭ 3), normalized to actin and compared with control, vehicle-treated samples (Fig. 5A,B) .
A number of molecules are known to regulate Rab 3A activity in synaptic vesicle trafficking (Novick and Brennwald, 1993) . We analyzed their protein expression at 6 hr to evaluate potential involvement in BDNF-induced synaptic plasticity. Two proteins that regulate Rab3A activity, Rab GAP and Rab GDI, showed enhanced expression after BDNF application, whereas Rab GEP was not altered (Fig. 5A,B) . In addition, Rabphilin and RIM, two proteins that interact with Rab3A to facilitate the anchoring of synaptic vesicles to the plasma membrane (Shirataki et al., 1993; Wang et al., 1997) , were also upregulated by BDNF (Fig. 5A,B) . Minimal transcriptional changes were observed for these regulatory proteins by reverse transcription-PCR (data not shown). Taken together, these data indicate that transcriptional changes of Rab3A by BDNF are also accompanied by translational regulation. Furthermore, as we have shown above for the GC pathway, molecules associated with the Rab3A pathway can be regulated by BDNF treatment and therefore may be involved in neurotrophininduced synaptic plasticity.
To confirm the neuronal specificity of these protein products, immunocytochemical analysis in primary hippocampal neurons was performed. Rab3A and Rab GAP as well as Rab GDI were (75 kDa), and Rab GDI (50 kDa). Rab GEP (210 kDa) was unaltered. Actin (42 kDa) levels remained unchanged. B, Quantitation of increase in protein levels in BDNF-treated samples relative to control cells after normalization to actin is shown (n ϭ 4 except for GC, n ϭ 3, and Rab GEP, n ϭ 2). C-E, Identified proteins are localized to neurons. Hippocampal cultures were fixed and immunostained using avidin-biotin-horseradish peroxidase visualization. Rab3A ( C) appears in a punctate pattern in neuronal processes. Rab GAP ( D) and Rab GDI ( E) staining is also localized to neurons. Note the cellular heterogeneity of staining intensity and localization to pyramidal-like neurons. Scale bar, 50 m.
localized to subpopulations of neurons on the basis of morphological identification (Fig. 5C-E) . Previous studies have demonstrated that all three of these proteins are concentrated at presynaptic nerve terminals (Novick and Brennwald, 1993; Oishi et al., 1998; Shisheva, 2001) . A small percentage of nonpyramidallike cells were immunonegative for Rab3A, Rab GAP, and Rab GDI, suggesting a heterogeneous population of hippocampal neurons with distinct functions, which may explain the variable synaptic as well as molecular responses to BDNF (Figs. 1C,  3A,B) .
Rab3A mutant mice
To evaluate the role of the identified genes Rab3A and GC in BDNF-induced synaptic plasticity, we used strategies to interfere with their functions. Previous studies have shown that mice with a targeted deletion of Rab3A have normal basal synaptic activity; however mossy fiber LTP in the hippocampal CA3 region cannot be induced (Geppert et al., 1994; Castillo et al., 1997) . Consequently, Rab3A is apparently necessary for certain forms of synaptic plasticity. These reports, in conjunction with BDNFinduced transcriptional changes of Rab3A, led us to examine the effect of BDNF on hippocampal neurons isolated from wild-type and Rab3A homozygous knock-out mice. Cells derived from wild-type mice exhibited a 1.9-fold increase in synaptic charge after 3-5 min of BDNF application (Fig. 6 A,B) . This effect is comparable with our previous observations using rat hippocampal neurons (Levine et al., 1995) . In contrast, cells derived from Rab3A mutant mice did not display a change in synaptic charge in response to BDNF in that time frame (Fig. 6 A,B) . Therefore, the synaptic vesicle trafficking protein Rab3A is required for BDNFinduced synaptic plasticity.
The role of GC in neurotrophin-induced synaptic enhancement was examined using pharmacological agents. An antagonist of GC, LY83583, has been shown to block induction of LTP in the CA1 region of the hippocampus (Zhuo et al., 1994; Arancio et al., 1995) . Therefore, the GC pathway may be involved in synaptic plasticity. These findings, together with the induction of GC mRNA by BDNF, led us to study the effect of this GC inhibitor. The inhibitor did not antagonize the BDNF-induced increase in synaptic charge (Fig. 6C) , suggesting that GC is not necessary for the effect of BDNF on transmission, although other perturbations may have to be pursued.
We have reported previously that the postsynaptic response to BDNF observed during iontophoretic application of glutamate becomes maximal only after 20 min of neurotrophin treatment Crozier et al., 1999) . To determine whether prolonged BDNF application has an effect on cells derived from Rab3A knock-out mice, recordings were performed for 30 min. A 1.8-fold increase in synaptic charge was observed after 20 -22 min in the presence of BDNF (Fig. 7) . Because the time course of the response to BDNF in Rab3A mutant cells is similar to that induced by iontophoresis of glutamate Crozier et al., 1999) , a postsynaptic locus may be implicated for the late response, although a presynaptic component may still be involved. These observations raise the possibility that the cells from the Rab3A mutants are predominantly deficient in the presynaptic component of the BDNF response, a hypothesis presently under investigation.
DISCUSSION
We have used differential gene profiling to begin identifying molecules that may be involved in BDNF-induced synaptic plasticity. Our ultimate goals are to define mechanisms mediating acute versus long-term activation, presynaptic and postsynaptic mechanisms, and basal versus enhanced transmission and to characterize processes underlying differential cellular responses to trophins. We report here that Rab3A, which is upregulated by a 3 hr exposure to BDNF, is necessary for early enhancement of synaptic charge. Our observations support the hypothesis that altered expression of some genes by BDNF reflects the role of their products in synaptic plasticity. 
BDNF exposure time and transcription
We initially examined a 3 hr exposure to permit adequate time to detect transcription of selected downstream genes while still maintaining an acute synaptic response (Sherwood and Lo, 1999) . In fact, a 3 hr exposure increased synaptic charge ϳ2.5-fold, comparable with that occurring after minutes (Levine et al., 1995 ; see also Sherwood and Lo, 1999) . Several studies have demonstrated that protein translation is required for enhanced transmission by neurotrophins (Kang and Schuman, 1996; Bradley and Sporns, 1999) . Consequently, differential expression of genes in our studies may imply a requirement for de novo transcription for increased synaptic activity. However, because the effects of BDNF are extremely rapid (10 min) and our data indicate a requirement for Rab3A for this initial phase of plasticity, increased gene expression at 3 hr is more likely to be attributable to increased turnover of the molecules used during enhanced synaptic activity. Nevertheless, we cannot formally exclude the requirement for transcription until further studies are performed.
Although BDNF may have multiple functional effects depending on the duration of exposure (Sherwood and Lo, 1999) , the trophin uniformly exerts presynaptic effects on vesicle proteins. Long-term (5 d) treatment of dissociated cortical neurons increases several vesicle proteins, including Rab3A, and increases terminal vesicle number . Moreover, synaptosomes from BDNF knock-out mice exhibit depressed levels of two vesicle proteins, synaptobrevin and synaptophysin, as well as reduced docked vesicles. The levels of the vesicle proteins are rescued by exogenous BDNF via a post-translational mechanism (Pozzo-Miller et al., 1999) . Furthermore, synapsin is phosphorylated by BDNF via the mediation of MAP kinase, resulting in enhanced transmitter release (Jovanovic et al., 2000) . In our study, using a limited random search approach, we have identified at least one vesicle protein, Rab 3A, that is upregulated by BDNF and is necessary for trophin-induced plasticity. Together, these studies suggest that BDNF regulates presynaptic vesicle protein function. Other vesicle proteins may also be required for the effect of BDNF, the subject of ongoing studies.
Role of Rab3A in synaptic plasticity
Our current observations with mutant mouse neurons indicate that Rab3A is necessary for the early increase in synaptic charge induced by BDNF. The mechanisms via which Rab3A regulates vesicle trafficking are gradually emerging. The protein normally governs both efficient vesicle docking (Geppert et al., 1994) and fusion (Geppert et al., 1997; Lonart et al., 1998) . The absence of Rab3A may inhibit BDNF-induced plasticity by preventing rapid replenishment of the vesicular pool at the presynaptic active zone necessary for enhanced transmission. In contrast to inhibition of the early synaptic response to BDNF in the mutants, a late response of Rab3A mutant cells to BDNF was observed and is temporally similar to that produced by pairing glutamate iontophoresis and BDNF exposure (Crozier et al., 1999) . Therefore a postsynaptic locus may contribute to this late action of BDNF, although a presynaptic component may still be involved. This is the subject of ongoing study. We conclude that during a 30 min exposure to BDNF a two-component response may be manifested; an early component is dependent on Rab3A, and a later component is apparently Rab3A independent and may involve enhanced NMDA receptor function . Further experiments examining the iontophoretic postsynaptic response of Rab3A mutant cells to BDNF will be useful to confirm this distinction.
Studies on Rab3A knock-out mice demonstrate that the molecule is essential for mossy fiber LTP in CA3 of the hippocampus (Castillo et al., 1997) but not for LTP in the CA1 region (Geppert et al., 1994; Geppert et al., 1997) . Although controversial, it has been suggested that CA1 LTP, which is NMDA receptor dependent, consists of both presynaptic and postsynaptic components, whereas CA3 mossy fiber LTP, which is NMDA receptor independent, is primarily presynaptic (Bean and Scheller, 1997) . Our data suggest that neurons with a Rab3A deletion are deficient only in the presynaptic component of the BDNF response, just as they are deficient only in CA3 LTP that is expressed presynaptically. Therefore, although BDNF-induced synaptic plasticity and CA3 LTP share some properties, our study is the first demonstration that both processes require the same synaptic vesicle protein.
Effects of BDNF on related pathways
The present results, in conjunction with mechanisms of mossy fiber LTP, provide additional insights into regulatory processes. Our finding that PK A R2 and AK AP 84 are upregulated by BDNF implicates the PKA pathway in the presynaptic modulation of synaptic plasticity. This is entirely consistent with the observations that CA3 LTP is cAMP dependent (Nicoll and Malenka, 1995; Goda and Stevens, 1996; Bao et al., 1998) and that synaptic potentiation by BDNF can be prevented by cAMP inhibitors (Boulanger and Poo, 1999) . Finally, PKA phosphorylates two effectors of Rab3A, Rabphilin and RIM (Numata et al., 1994; Fykse et al., 1995; Lonart et al., 1998) , further implicating the cAMP pathway. Taken together, these studies suggest that BDNF acts via the PKA pathway to phosphorylate Rab3A effectors, enhancing vesicular release.
Our studies suggest that Rab3A regulatory and GC-related molecules are also modulated by BDNF. Translation of the Rab3A accessory proteins was altered by the trophin, while transcription was unchanged. Altered translation is known to occur via local protein synthesis in the absence of transcription (Kang and Schuman, 1996; Steward, 1997) . Our slot blot analysis indicated that several molecules in the GC pathway were also regulated by BDNF. Consequently, we have begun to define multiple signaling cascades that may mediate BDNF-induced synaptic plasticity.
Although GC and downstream genes were regulated by BDNF, a specific antagonist, LY83583, known to inhibit LTP (Zhuo et al., 1994; Arancio et al., 1995) did not alter plasticity in our studies. These results do not exclude a role for the GC pathway in BDNF-induced plasticity but do suggest that GC itself is not necessary for this process. Other downstream molecules in the GC pathway may be required; therefore we cannot definitively exclude the PKG pathway until other antagonists have been tested. Nevertheless, mice lacking PKG exhibit normal LTP (Kleppisch et al., 1999 ), supporting our current findings. We are presently investigating the role(s) of the other genes identified by our DD, including the ATP synthase, estrogen-induced gene, and the ESTs.
Population versus single-cell analysis
Our data suggest that observations in a population of hippocampal neurons can be extrapolated to individual cells that exhibit responsiveness to BDNF. Pyramidal-like electrophysiologically characterized neurons exhibited robust induction of the identified genes in contrast to the more modest increases observed on slot blots of whole populations. These observations highlight the heterogeneity of hippocampal populations (Figs. 1C, and emphasize the need to analyze genomic-electrophysiological relations at the single-cell level.
Mechanisms underlying differential responses of hippocampal neurons to BDNF may be attributable to a number of properties. For example, BDNF induced potentiation of evoked glutamate release when the postsynaptic cell was excitatory (glutamatergic) but not when it was inhibitory (GABAergic) (Schinder et al., 2000) . In addition, highly active synapses may be potentiated more strongly by BDNF than are those with lower release probabilities (Gottschalk et al., 1998) . However, this remains controversial because our studies (J. Alder, S. Thakker-Varia, and I. B. Black, unpublished observations) and those of Berninger et al. (1999) suggest that less active neurons respond more dramatically to BDNF than highly active ones; however, these differences may result from the different preparations used in these studies. Consequently, the basal state of the cell appears to affect the degree of synaptic potentiation by BDNF. We are currently combining single-cell transcriptional analysis with electrophysiology to determine whether this phenomenon correlates with levels of transcriptional change induced by BDNF. The present studies demonstrate the feasibility of combining whole-cell patch-clamp recording and transcriptional analysis at the single-cell level to identify genes necessary for synaptic plasticity.
